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The activation ratio of Fe atoms introduced in semi-i.nsulating (SO loP layers grown by liquid 
phase epitaxy (LPE) and metalorganic chemical vapor deposition (MOCVD) has been 
investigated, employing the current-voltage characteristics of n + -SI-n /- InP diodes and 
secondary ion mass spectroscopy analysis. The result indicates that most Fe atoms in LPE-
grown SI layers are electrically active as deep acceptors; however, a large amount of 
unactivated Fe atoms are present in MOCVD-grown Sllayers. This difference between the two 
kinds of Fe-doped SI layers can be attributed to the difference in the growth mechanisms of 
LPE and MOCVD. 
Highly resistive semi-insulating (SI) InP shows great 
promise for use as a current confinement layer in InGaAsP / 
InP buried heterostructure (BH) lasers because it offers sig-
nificant reduction in both leakage current and parasitic ca-
pacitance. 
In general, HI-V Sf crystals are obtained by introducing 
transition metals which form deep levels in the forbidden 
gap. For InP, the Fe3 f-/Fe2 + acceptor level! is a midgap 
state.2 SI InP has been obtained mainly by Fe doping to 
compensate for background electrons since un doped InP is 
generally n typeo 3 The growth of Fe-doped SI InP epitaxial 
layers has been successfully achieved using both metalor-
ganic chemical vapor deposition (MOCVD)4 and liquid 
phase epitaxy (LPE). 5 
It has been noted that the Fe atoms introduced in SI InP 
not only occupy the indium sites and work as deep acceptors 
but also have a tendency to form iron-phosphorus precipi-
tates.6 By means of a transmission electron microscope anal-
ysis,7 SI InP layers, grown by MOCVD, were shown to con-
tain precipitates of FeP2' 
However, LPE-grown SI InP layers are expected not to 
form iron-phosphorus precipitates because of the quasither-
mal equilibrium growth condition. This is easily ascertained 
by comparing the concentration of the Fe atoms, which are 
electrically active as deep acceptors, with that of all the Fe 
atoms introduced in the layers. 
In this letter, these two kinds of Fe concentration within 
the Sf InP layers grown by MOCVD and LPE are estimated 
and compared with each other. The active Fe concentration 
can be determined from the current-voltage characteristics 
of n + -SI-n + loP diodes by applying Lampert's theory ofthe 
electron injection current controlled by electron traps. H Us-
ing this method, the authors have already shown9 that the 
Fe-doped SI layers with a resistivity of 5 X 108 n em grown 
by MOCVD contain active Fe atoms of 7X 1015 cm- 3 • 
Therefore, the current-voltage characteristics are investigat-
ed only for Sl layers grown by LPR On the other hand, the 
amount of all Fe atoms in 81 InP can be determined by sec-
ondary ion mass spectroscopy (SIMS) analysis. This meth-
od is applied to 81 layers grown by both LPE and MOCVD. 
The growth conditions of the Sl InP layers and the fabri-
cation process of the diodes are described in Refs. 5 and 9. 
The SI layerthicknessL of the diodes ranged from 3 to 8f-tmo 
The experimental error of SIMS analysis is within a factor of 
2 and the Fe detection limit is 5 X 1014 cm -- 3. 
Figure 1 shows the resistivity R of the diodes at 295 K as 
Ii function of the weight percent of Fe, W Fe' added to the 
growth solution. The growth temperatures Tg were 800, 
850, and 900 "c. At all growth temperatures, the resistivity 
increased with W Fe and then saturated, Higher resistivities 
were obtained by employing higher growth temperatures. 
Figure 2 shows the current density-voltage (J- V) char-
acteristics of three kinds of n+ -SI-n+ diodes at 295 K. The 
values of R, Tg , W Fe' and L for each 81 layer are (1) 
R = 4x 106 n em, Tg = 850 ·C, W Fe = 0.2 wt. %, and 
L = 3.6 11m, (2) R = 8X 106 n em, Tg = 850 ·C, 
W Pe = 1.0 wt. %, and L = 7.5/tm, and (3) R = 8x 107 
n em, Tg = 900 ·C, W Fc = 0.2 wt. %, and L = 5,7 jIm, re-
spectively. The J- V curves have two regions in common. One 
is the Ohmic region at low applied voltages and the other is 
the rapid current increasing region above a critical voltage 
Vcr. This is defined as the intersecting voltage of the two 
extrapolated straight lines representing the Ohmic current 
and the rapidly increasing current. In Fig. 2 the critical vol-
tage of each diode is denoted by an arrow. In addition to 
these two regions, as the resistivity increases, a region where 
the current is proportional to the square of the voltage ap-
FIGo 1. Resistivity of the SI InP layers grown by LPE as a fllnction of the 
weight percent of Fe added to the growth solution. 
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FIG. 2. Current-voltage characteristics of three kinds of n + -SI-n f !nP 
mesa diod<!s at 295 K. The 51 layers were grown by LPE. 
pears after the Ohmic region. This is caned the square law 
region. 
The J- V characteristics are wen explained by Lampert's 
theory assuming that the Fe1 I- IFe2 -l acceptor level works as 
an electron trap level. According to this theory, the absence 
of the square law region shows that the thermal equilibrium 
Fermi level, EF , is above the Fe3 '/Fe2+ level. The square 
law region appears when EF is below the Fe3 + IFe2+ level. 
Therefore, it is found that EF moves downward to the mid-
dle ofthe forbidden gap and crosses the Fe.1f'/Fe2+ level as 
the resistivity increases, and that the position ofEF is appar-
ently below the Fe31 IFe2 + level for the SI layer with a resis-
tivity of 8 X 107 n em. The calculation. of E F using the local 
charge neutrality condition reveals that this downward 
movement of EI-' is due to the increase in the active Fe con-
centration. 
The active Fe concentration., N a , can be determined as 
foHows. The rapid current increase is caused by the complete 
filling of the Fe3+ IFe2+ level by the injected electrons. In 
this case, V~, is given by 
0) 
where IV; is the background electron concentration, e is the 
electronic charge, and t is the dielectric constant of InP. 
Here, I'(, - IV: represents the concentration of Fe atoms 
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FIG. 3. Plot of the active Fe concentration against the resistivity for the 51 
layers grown by LPE. 
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TABLE I. Values of resistivity R, active Fe concentration N", and total Fe 
concentration N Fe for the Sf layers grown by LPE and MOCVD. 
R Na N}'< 
Growth method (Hem) (em,3) (cm'-3) 
LPE 
Tg == 850 'C 2.5-8>< 106 2.1-2.5 X lOIS 4X 1015 
Tg = 9000C 4-8 X lOb 3-5 X lOIS 7X 101.' 
MOCVD 
I~ = 650'C 5.SX lOB 7X 10'; 1 X 10'" 
unoccupied by electrons in thermal equilibrium. Therefore, 
assuming that N~ is 2 X 1015 cm- 3 , which is a typical value 
for undoped InP layers grown by LPE, the value of Na in the 
S1 layers can be determined from the measured values of Vcr 
and L using Eq. (1,. 
Figure 3 is a plot of iV" against R for the S1 layers grown 
at 850 and 900 ·C with W Fe > 0.1 wL %, where the resistiv~ 
ity is almost saturated. The value of IV" is 2.1-2.5 X 1015 
cm 3 and only a little larger than N j for 81 layers grown at 
850°C. On the other hand, for SI layers grown at 900 OC, the 
value of Na is 3-5 X 1015 em - 3 and about two times as large 
asNJ. 
As shown above, the increase of the resistivity at higher 
growth temperatures is due to the increase of Na . This can be 
attributed to the increase in both the solubility of Fe in the 
growth solution and the distribution coefficient of Fe with 
the increase of the growth temperature.5 
Table I summarizes the values of Rand Na for the SI 
layers grown by LPE and MOCVD. The values for the 8I 
layers grown by MOCVD are quoted from Ref. 9. The 
growth temperature was 650°C. The results of SIMS analy-
sis are also shown in Table I, where the total Fe concentra-
tion is denoted as N Fe • The activation ratio of Fe can be 
definedasNa IN Fo' It is found that IVa IN Fe 180.4-0.7 for the 
SI layers grown by LPE and that Na IN Fe is 0.007 for the SI 
layers grown by MOCVD. This result indicates that most Fe 
atoms introduced in LPE~grown 51 layers are electrically 
active and work as deep acceptors. On the other hand, a large 
amount of unactivated Fe atoms are introduced in the 
MOCVD~grown SI layers. This unactivated Fe probably ex-
ists in iron~phosphorus precipitates as was detected in Ref. 4. 
This difference between the two kinds ofFe~doped SI layers 
can be attributed to the difference between the LPE an.d 
MOCVD growth mechanisms. 
In summary, most Fe atoms introduced in LPE grown 
SI InP layers are electrically active. This is due to the qua-
sithermal equilibrium growth condition. On the other hand, 
less than 1 % of Fe atoms are electrically active in MOCVD-
grown SI InP layers. 
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